Introduction
============

Various kinds of biomedical imaging modalities have been developed in the past decades, such as optical imaging, ultrasound (US) imaging, computed tomography (CT), and magnetic resonance imaging (MRI) [@B1]-[@B4]. Of all the imaging methods, optical imaging is a modality that offers unique advantages of high sensitivity, inexpensive and noninvasive, although it has limited imaging depth due to the effect of optical scattering. In addition, US imaging is extensively adopted in the hospital because of their easy handling, safety and low-cost. However, it is hard to use US to generate good reproducible data and high sensitivity results [@B5]-[@B6]. CT is a mature technique that uses x-ray as the laser sources to generate three-dimensional structural images of biological tissues with high resolution. Meanwhile, it has contrast problem for imaging the soft tissue and the risks of radiation also exists during the CT scan [@B7]-[@B8]. MRI instrument is another routinely used method in clinical practice, which can detect the anatomy or functional information of biological tissues with high resolution and excellent imaging depth [@B9], [@B10]. However, MRI also exhibits the disadvantages of time-consuming and high cost, which makes it hard to get real-time information for disease diagnosis. As described above, we can conclude that all of the imaging modalities have their own advantages and intrinsic drawbacks (Table [1](#T1){ref-type="table"}). Therefore, it is of great importance to combine different imaging modalities together to obtain more tissue information. Consequently, it is essential to take advantages of the complementary information from multiple imaging techniques to capture more tissue information that may be missed by a single one. It is also anticipated that multimodality imaging approaches can detect the diseased tissues with high sensitivity, high resolution, high contrast, and satisfactory imaging depth.

Photoacoustic (PA) imaging based on PA effect, is growing rapidly, which paves a new avenue to link a complex biological system at multiple length scales [@B11]. In PA imaging, photons are absorbed by the biological tissue that can produce a very small change of temperature [@B12]. The little temperature variation of the biological tissue will cause thermo-elastic expansion, which can further generate acoustic waves that can be detected by ultrasound transducers around the tissue surface. Then the functional and anatomical information of biological tissue can be recovered based on measured acoustic pressures. As illustrated in Figure [1](#F1){ref-type="fig"}, PA imaging that combines the advantages of optical imaging and ultrasonic imaging, possesses the deep penetration depth and excellent spatial resolution due to the low scattering of acoustics, which is nearly three orders smaller than that of light in biological tissue. Simultaneously, the imaging contrast of PA imaging is also very high due to the significantly increased vascularity in diseased tissues. However, the sensitivity of PA imaging to detect the diseased tissues are dominated by the endogenous contrast, which can\'t distinguish well between normal and abnormal tissues, especially at the early stage of the diseases [@B9]. Therefore, it is essential to design exogenous contrast agents to improve the sensitivity of PA imaging. To date, various categories of contrast agents have been developed and used for PA molecular imaging. Among all the imaging agents, nanoprobes have received considerable attentions because of their unique magnetic, optical and electronic properties [@B13].

Multimodal nanoprobe is a concept of integrating more than one imaging modality agents to obtain complementary functions to improve the imaging sensitivity and specificity [@B14]. One of the earliest multimodal nanoprobes is introduced by Lee Josephson *et al*., in which they have combined near-infrared fluorescence imaging and MRI together to quantify the tumor margins. In particular, the multimodal contrast agent is composed of commercial near-infrared dye that is responsible for optical imaging and iron oxide nanoparticles that supply the function of MRI. By integrating the two modalities together, the multimodal nanoprobe can be used for intra-operative imaging since optical imaging is a real-time imaging technique, which can cover the shortage of MRI. The significant advantage of this multimodal nanoprobe is that it provides a method to visualize brain tumor preoperative and intraoperative [@B15]. In addition to combining fluorescence imaging and MRI, other imaging modalities have also been integrated for the purpose of multimodality imaging based on constructed multimodal nanoprobes, such as fluorescence imaging/PA/MRI, fluorescence imaging/CT/MRI, and so on [@B16]-[@B19]. Interestingly, several reviews on the development and application of the multimodal nanoprobes have been performed from different perspectives [@B20]-[@B23]. By contrast, for the present review we mainly focus on the introduction on how to design PA-based multimodal nanoprobes. In particular, this work aims to summarize the recent methods that can be used to construct PA-based multimodal nanoprobes.

Construction of PA-based multimodal nanoprobes
==============================================

According to the structure of the multimodal nanoprobes, we mainly separate the multifunctional agents into two types. The first type are "one for all" nanoprobes, which involved in preparing intrinsic multimodal properties of the element into one single particle, such as gold-based nanoparticles [@B24]-[@B26], copper-based nanoparticles [@B27]-[@B28], and tungsten-based nanoparticles and so on [@B29]. The second type are "all in one" nanoprobes. Preparation of this category of multimodal nanoprobes needs to combine different imaging modality components into one single particle. There are mainly three ways to prepare "all in one" multimodal nanoprobes: i) doping different components into core material to realize multifunction; ii) encapsulating or loading different imaging components into one carrier; iii) conjugating different kinds of functional constituents with covalent or non-covalent linkage.

One for all
-----------

One of the most popular "one for all" multimodal nanoprobes is two-dimensional nanomaterials. Two-dimensional nanomaterials have been successfully applied in the areas of energy storage and lithium ion battery. The synthesize of two-dimensional nanomaterials has attracted extensive attention in the biomedical imaging field, especially after the introduction of A. Geim and K. Novoselov\'s work in graphene [@B30]-[@B35]. Besides graphene, transition-metal-based two dimensional nanomaterials have also been introduced into biological area and become very popular in very recent years [@B36]-[@B38]. For example, Liu Zhuang *et al*. have developed a dual-modal tungsten sulfide nanosheets for CT and PA imaging [@B29]. The nanosheets are prepared through a "top-down" chemical method, in which N-bultyllithium is used to exfoliate bulk tungsten sulfide. To realize biocompatibility and water-solubility, polyethylene glycol is conjugated on the surface of the nanosheets. The as-prepared nanosheets possess a strong near-infrared absorption with a diameter of 50-100 nm and a thickness of about 1.6 nm. The near-infrared absorption make the nanosheets good candidates as contrast agents for PA imaging. In addition, the synthesized nanoprobe has been tested to measure whether it can be used for CT imaging. As tungsten is an element with atomic number 74, it can absorb the energy of X-ray. The results demonstrate the nanosheets can be used to enhance the CT imaging signal. The enhancement also depends on the concentration of the nanosheets. The multimodal nanoprobe is applied for in vivo biomedical imaging. In summary, Liu Zhuang\'s group has developed a novel multimodal nanoprobe for CT imaging and PA imaging based on the tungsten. Besides tungsten-based two-dimensional nanomaterials, cobalt selenides nanoplates are also developed and served as multimodal nanoprobe [@B36]. As shown in Figure [2](#F2){ref-type="fig"}, Poly-acrylic-acid-modified cobalt selenides nanoplates exhibit their strong near-infrared absorption and remarkable magnetic properties. The findings prove that the cobalt selenides nanoplates can be used as dual-modal PA imaging/MRI contrast agent.

Another kind of "one for all" multimodal nanoprobe is copper-based nanoparticles. Copper-based nanoparticles is widely used for PA imaging because of their tunable strong near-infrared absorption. Various kinds of copper-based nanoparticles have been prepared such as CuSe nanoparticles, CuS nanoparticles, and CuTe nanoparticles and so on [@B39]-[@B42]. Very recently, CuS nanoparticle as a multimodal nanoprobe has been discovered by Mou Juan in Chen Hangrong\'s group [@B27]. Different from the above "top to down" method, CuS is prepared through "bottom to up" method. "Bottom to up" means the nanoparticles form from small molecular to nanoscale, which is also a popular chemical method to synthesize nanoparticles. The same with the fist method, surface modification process with the usage of biomimetic phospholipid is carried out to make the nanoprobe water-dispersible. In addition to increase the dispersity in the physiological environment, the modification also prolong the circulation time of the nanoprobe in the blood. As-synthesized CuS nanoprobe has a characterized absorption in the range of the second near-infrared window centered at about 1160nm, in which photons can penetrate much deeper in the biological tissues. The absorption of the CuS nanoprobe make it a good contrast agent for PA imaging and infrared thermal imaging. Furthermore, Chen Hangrong\'s group applies the as-synthesized CuS nanoprobe not only for PA imaging and infrared thermal imaging, but also for MRI. That was the first work for CuS nanoprobe to be used as MRI contrast agent. The MRI ability of the CuS nanoprobe is likely ascribed to the unpaired electrons of the copper. The novel multimodal nanoprobe is successfully used for in vivo tumor imaging. In the article, CuS nanoprobe has proved to be a good "one for all" PA/MRI multimodal nanoprobe. Interestingly, another group in Toyo University has revealed that Cu~2~S is an effective x-ray probe [@B28]. They have prepared the Cu~2~S nanostructure via hot injection, which is a promising method to obtain nanostructures with good crystallinity and excellent mono-dispersity. Polyethylene glycol is introduced as an excellent biocompatible polymer to prevent the aggregation of the nanoprobe when it dispersed in physiological environment. An absorption peak in the range of near-infrared region is also observed, which is in consistent of the former article. Consequently, the developed probe can also be applied for PA imaging. Since copper has a higher attenuation coefficient than the component in human body, Prof. D. Sakthi Kumar\'s also validates for the first time that Cu~2~S nanoprobe is suitable for enhancing x-ray imaging signal. It is also the first time for Cu~2~S used as x-ray contrast agent.

In addition to two-dimensional and copper-based multicomponent multimodal nanoprobes, single component multimodal nanoprobes have also established. For instance, gold-based multimodal nanoprobes such as gold nanoshell, gold cube, and gold nanorods are widely used for PA imaging and x-ray [@B24]-[@B26]. Recently, carbon dots has been designed for multimodal imaging as single component contrast agent. Carbon dots with red-emitting is constructed by Wang Pengfei\'s group [@B43], in which polythiophene phenylpropionic acid is used as the carbon source to produce the multimodal nanoprobe (Figure [3](#F3){ref-type="fig"}). The prepared carbon dots exhibit a broad absorbance ranging from visible to near-infrared region and a red-emitting with a peak centered at about 640nm. For in vivo biological applications, the stability of the carbon dots dispersed in PBS and FBS are measured. The results show the nanoprobe is dispersed well in these solutions. Because of their strong absorption and red emission, the carbon dots are applied for in vivo tumor PA imaging and fluorescence imaging. In this paper, carbon dots are proved to be excellent candidate for in vivo multimodal imaging.

All in one
----------

Prior to the introduction of the methods on how to integrate different modality components together, characteristic of the common functional materials will be summarized briefly. Paramagnetic metal ions (gadolinium ions, manganese ions) and their derivations are often involved in MRI. Heavy atoms containing nanomaterials such as gold, iodine are always developed to construct CT contrast agents. Present nanomaterials for PA imaging often have adequate optical absorption in common that can absorb energy from the excited laser source and convert the energy into heat. Elements with radiation are participated in the positron emission tomography whereas small molecular dyes and quantum dots are often used as fluorescence imaging materials. In this section, the combination method to construct PA-based multimodal nanoprobes are organized into three small parts for the introduction of each category of all-in-one agents.

Doping different components into core material
----------------------------------------------

Doping functional components into core nanomaterial to realize multimodal is a promising method to construct multimodal nanoprobes. The method is always very simple, which involves in one-pot synthesis. The process is very similar to prepare "one for all" multimodal nanoprobes. The difference between doping process and "one for all" process is the source of the multimodal imaging ability. For example, tungsten sulfide nanoprobe mentioned above is used as the contrast agent for CT and PA imaging. The source of the multimodal imaging ability is mainly due to tungsten, whereas sulfur which does not supply imaging modality is just working as an element to help tungsten to form the nanoprobe. Therefore, tungsten sulfide is classified as "one for all" multimodal nanoprobes. In contrast, doping method, we need introduce another functional component into a core material which has imaging ability of its own as well, in which both dopants and host are used as imaging components.

Inorganic ions doped into inorganic nanoparticles as a sub-branch of the doping method [@B44]-[@B45]. A multimodal nanoprobe for PA imaging and MRI is constructed through this method (Figure [4](#F4){ref-type="fig"}) [@B46]. To construct the multimodal nanoprobe, copper sulfide and paramagnetic ions are chosen for different imaging modalities sources. Copper sulfide nanoparticle is chosen as the core shell since its local surface plasmonic resonance in the near-infrared region. Transition metal nickel ion is chosen as the doping element because of its magnetic properties. The doped magnetic element supplies MRI ability. The multimodal nanoprobe is prepared through one-pot reaction under high temperature. The as-prepared nickel-doped copper sulfide multimodal nanoprobe has retained the absorption of the copper sulfide. The absorption peak is centered at about 1064nm, which is located in the region of the second biological window for PA imaging. T1 relaxivity of the doped nanoprobe is also measured. Interestingly, T1 relaxivity of the multimodal nanoprobe has been dramatically enhanced. We ascribe the enhancement of T1 relaxivity to the geometrical confinement of the nanostructure. T1 relaxivity is of great importance for MRI contrast agents. After ligands exchange with PEGylated multidentate polymer, the water-dispersible multimodal nanoprobe is applied for in vivo PA and magnetic resonance lymph node imaging. As we can see in this example, copper sulfide is the source of PA imaging ability and doped nickel is the source of MRI ability. The copper sulfide and nickel ions react with each other and form a whole uniform nanostructure. The properties of the components influence each other. Therefore, this multimodal nanoprobe is classified as "all in one".

Another type of doping is inorganic ions doping into organic nanoparticles [@B42]. Paramagnetic manganese ions which provide MRI ability is doped into Prussian blue nanocubes (Figure [5](#F5){ref-type="fig"}). Prussian blue is a clinical agent that is approved by Food and Drug Administration in the United States of America for the treatment of radioactive exposure. Recently, Prussian blue nanocubes have been designed for photothermal therapy since they have a characteristic absorption peak at the wavelength of 700nm. Liu Zhuang\'s group have constructed a multimodal nanoprobe for PA imaging and MRI based on the Prussian blue nanocube. Manganese ions doped Prussian blue nanocubes are prepared under mild reaction condition. The absorption and magnetic properties of the cubes with different ratios of manganese are also inspected, in which the optical and T1 relaxivity properties of the doped nanocubes exhibit concentration-dependent. The absorption peak is red-shift with the addition of manganese while T1 relaxivity is increased with increment of manganese doping. The manganese doped Prussian blue nanocubes show their great capacity for PA imaging and MRI. In conclusion, doping method is an effective method to design multimodal nanoprobes.

Loading or encapsulating different imaging components into one carrier
----------------------------------------------------------------------

Loading or encapsulating different imaging components into one carrier means that there is no chemical interaction between the components. The carrier has no imaging ability. Imaging components themselves can be regarded as carriers to load or encapsulate the components. Polymers such as polysaccharide, polypeptide and silicon are also frequently used as carriers to load or encapsulate the components.

A lot of multimodal nanoprobes are established through this method [@B48]-[@B56]. For example, Zhao *et al*. have developed a multifunctional nanoprobe that integrate molybdenum sulfide and iron oxide (Figure [6](#F6){ref-type="fig"}) [@B57]. Molybdenum sulfide is a two-dimensional nanomaterials with highly near-infrared photothermal transformation efficiency. This property makes it a good candidate for PA imaging. Iron oxide nanoparticles is often used as MRI contrast agents. Zhao Yuliang *et.al.* integrates the molybdenum sulfide and iron oxide through locking effect of polyethylene glycol. There is only physical interaction between the two components. As the two dimensional nanomaterial possesses large surface area, molybdenum sulfide is not only used as PA imaging contrast agent, but also an excellent carrier to load iron oxide nanoparticles. The as-prepared nanoprobe is constructed through two steps. It exhibits both PA imaging and MRI ability. It is further applied for dual-modal in vivo imaging. In addition, Chen *et al.* have developed a multimodal nanoprobe for PA imaging and fluorescence imaging with the usage of the same method. They used graphene oxide as the carrier and source of PA imaging modality, and sinoporphyrin sodium is loading on the surface of the graphene oxide to supply fluorescence. Another PA imaging and fluorescence imaging multimodal nanoprobe has also been constructed by the group using this method. Instead of sinoporphyrin sodium, they used cy5.5 as the source of fluorescence (Figure [7](#F7){ref-type="fig"}). Graphene oxide play the same role as mentioned above [@B58], [@B59].

Silicon is a widely used material to encapsulate imaging modalities because it has good light transmittance. In 2008, Brij M. Moudgil\'s group has designed a multimodal nanoprobe based on the encapsulating method [@B60]. Gadolinium doped gold particles as MRI contrast agents and gold nanoparticle as PA imaging contrast agents are encapsulated into the silicon shell, which possess no imaging modality.

Conjugating different kinds of nanoparticles with covalent or non-covalent linkage
----------------------------------------------------------------------------------

The last method to construct "all in one" multimodal nanoprobe is referred to conjugate different functional components together. To distinguish a multimodal probe is designed by loading (encapsulating) or conjugating, there are two criterions for conjugating as following: i) chemical interaction (electronic interaction) between the imaging modality components; ii) the carrier must possess imaging modality. To illustrate the method, covalent and non-covalent examples will be shown in the following section.

Core-shell is a typical structure of multimodal nanoprobes [@B61]-[@B66]. Various kinds of methods have been developed to synthesize iron oxide core and gold shell structure [@B67]-[@B69]. Very recently, Chen Huabing\'s group have designed a novel method to construct magnetic gold nanoflowers (Figure [8](#F8){ref-type="fig"}) [@B70]. The as-prepared multimodal nanoprobe not only can be used as PA imaging and MRI contrast agent, but also holds surface-enhanced Raman spectroscopy ability. The iron oxide is prepared through co-precipitation method. To grow rough gold surface on the iron oxide nanoparticle, three reduction processes are carried out. The component of iron oxide is responsible for the MRI, while gold nanoparticles is used as PA imaging and surface-enhanced Raman spectroscopy contrast agent. More importantly, the rough surface of the whole nanoparticle plays an important role to enhance the surface-enhanced Raman spectroscopy signal because of the "sharp tip effect". As we can see, the multimodal nanoprobe satisfies both of the two rules. Covalent interaction is occurred between the components. Furthermore, the two components are contributed to the multifunctional imaging. In previous years, Xing Da\'s group has also developed a MRI and PA imaging multimodal nanoprobe based on iron oxide and gold nanostructure [@B71]. Gold core with organic shell multimodal nanoprobes have also designed. With the usage of the interaction between gold and dopamine, Liu gang\'s group has constructed a MRI and PA imaging nanoprobe [@B69]. Self-polymerization of the dopamine serve as PA imaging contrast agent because of their near-infrared absorption. Iron oxide is still used as the MRI contrast agent. Through this conjugating method, PA imaging and CT contrast agent has been constructed based on gold core with palladium shell. The reaction between carboxyl group and amine group is also used to construct this kind of multimodal nanoprobe. Gao et.al. have designed a nanoplatform based on the BSA-modified CuS nanoparticles utilizing the reaction amine groups of BSA. DTPA-Gd^3+^ ions with active carboxyl groups are conjugated on the surface of the nanoparticles to realize multimodal imaging [@B72].

The construction of multimodal nanoprobe can also be involved in non-covalent linkage. Cheng Zhen\'s group has designed a multimodal nanoprobe based on melanin nanoparticles (Figure [9](#F9){ref-type="fig"}) [@B73]. Functional metal ions such as iron ions (Fe^3+^) and radioactive copper ions (^64^Cu^2+^) are then binding on the nanoplatform. Melanin is a natural pigment served as PA imaging contrast agents, while Fe^3+^ served as MRI contrast agents instead of gadolinium ions to make the nanoprobe more biocompatible. Radioactive ^64^Cu^2+^ is used for positron emission tomography, which finally decay to zinc ions. All the imaging modality components are integrated through non-covalent interaction, which also can be metabolized in organism.

PA-based multimodal biomedical imaging
======================================

Various kinds of multimodal imaging nanoprobes are synthesized for biomedical imaging. They are tools that provide a chance to enhance the detection sensitivity, imaging contrast and spatial resolution. In this review, in vivo lymph node imaging and tumor imaging were considered as the two representative cases involved PA-based multimodal imaging based on multifunctional nanoprobes.

Abnormal lymph nodes are related to many diseases, especially at the early stage of cancer. Therefore, it is of great significance to image lymph node by the utilization of exogenously administered contrast enhancing agents. MRI, fluorescence imaging and positron emission tomography are involved in the lymph node imaging. In recent years, PA imaging as a noninvasive imaging technique is used for imaging lymph node. Multimodal nanoprobes based PA imaging have also been established. Zeng Wenbin\'s group has detected the lymph node by fluorescence imaging and PA imaging with the usage of multimodal nanoprobe which is synthesized by loading fluorescent dye into mesoporous silica nanoparticles (Figure [10](#F10){ref-type="fig"}) [@B74]. As mentioned before, a multimodal nanoprobe integrated MRI and PA imaging have also been used for lymph node imaging. The multimodal nanoprobe has been synthesized through doping method.

Cancer remains a leading cause of morbidity and mortality. High-sensitivity multimodal imaging techniques for cancer early detection and image-guided therapeutics customized at the individual patient level are urgently needed. The developed multimodal molecular imaging methods based on novel contrast agents will have the advantages of guiding treatment and preventing tumor recurrence after treatment. Multimodal nanoprobes as a tool to enhance the sensitivity, imaging contrast and spatial resolution by integrating complementary merits of multiple imaging modalities have been used for tumor imaging and imaging-guide therapy. Sanjiv S Gambhir\'s group has constructed a multimodal nanoprobe combining PA imaging, MRI and Raman imaging (Figure [11](#F11){ref-type="fig"}) [@B75]. Gadolinium ions as MRI contrast agent, gold core responsible for PA imaging and trans-1, 2-bis (4-pyridyl)-ethylene as Raman molecular tag are loading into a silica shell. In this experiment, MRI can supply the tumor position in the whole brain, PA imaging provides three dimensional and high spatial resolution information of the brain tumor and Raman imaging offers the tumor margin because of its high sensitivity and high resolution. The multimodal nanoprobe combining the complementary merits of the imaging modalities exhibits excellent imaging ability for preoperative, intraoperative and post-surgery. Several multimodal nanoprobes that are constructed through other methods are applied for tumor imaging too.

Summary and Perspectives for PA-based multimodal probes
=======================================================

In this review, we have summarized the PA-based multimodal nanoprobes and their applications for biomedical imaging. We have classified the previous synthetic method of PA-based multimodal nanoprobes into two categories: "one for all" process and "all in one" process. We have simply introduced some common functional entities for the different synthetic methods. Furthermore, "all in one" process has been divided into three types including: i) doping different components into core material to realize multifunction; ii) encapsulating or loading different imaging components into one carrier; iii) conjugating different kinds of functional constituents with covalent or non-covalent linkage. To illustrate these processes clearly, each type is accompanies with examples by using the functional entities.

Since the review focus on the method to construct PA-based multimodal nanoprobes, we only choose nanoprobes combined PA imaging modality as examples. As a matter of fact, the methods are suitable for constructing other kinds of multimodal nanoprobes.

As can be seen from the examples, various multimodal nanoprobes have been prepared. However, there is still plenty of room to develop adequate multimodal nanoprobes. Nanoprobe integrated therapy function is a promising direction to design nanomaterials. For potential clinical translation, the components should be chosen carefully. Combining the materials approved by Food and Drug Administration maybe can accelerate the speed of clinical translation. Besides considering the components, surface modification, biodegradation, synthetic methods and targeting capability are should be taken into account.

The most promising method to construct multimodal nanoprobe is the concept of "one for all" and "doping functional components into core material". Less reaction steps make it much easier to control the construction of the nanoprobes. Just as an old saying in ancient China: the way to achieve great success an immortal deed tends to be the simplest one. In the future, simplest method should be developed to integrate multimodal imaging and therapy entities together.
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Advantages and Disadvantages of current imaging modalities for molecular imaging

  Imaging modality                                     Advantages                                                           Disadvantages
  ---------------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------
  Optical Imaging                                      High-throughput screening; High sensitivity; Multicolor imaging      Low depth penetration; Low spatial resolution
  Magnetic Resonance Imaging                           Deep penetrating; High spatial resolution                            High Costs; Long imaging time; Low sensitivity
  Ultrasound Imaging                                   Real-time imaging; Low costs                                         Operator dependency; Low resolution
  Positron-Emission Tomography Imaging                 Whole-body scanning; High sensitivity; Unlimited depth penetration   High costs; Radiation risk
  Single-Photon-Emission Computed Tomography Imaging   High sensitivity; No tissue penetrating limit                        Radiation risk
  Computed Tomography Imaging                          High spatial resolution; No tissue penetrating limit                 Radiation risk; Poor soft-tissue contrast
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